Abstract Simple hydrocarbon gases containing two to four carbons (ethane, propane, and butane) are among the most abundant compounds present in petroleum reservoirs, and are introduced into the ocean through natural seepage and industrial discharge. Yet little is known about the bacterial consumption of these compounds in ocean waters. To assess the timing by which microbes metabolize these gases, we conducted a three-phase study that tested and applied a radiotracer-based method to quantify the oxidation rates of ethane, propane, and butane in fresh seawater samples. Phase 1 involved the synthesis of tritiated ethane, propane, and butane using Grignard reagents and tritiated water. Phase 2 was a systematic assessment of experimental conditions, wherein the indigenous microbial community was found to rapidly oxidize ethane, propane, and butane. Phase 3 was the application of this tritium method near the Coal Oil Point seeps, offshore California. Spatial and temporal patterns of ethane, propane, and butane oxidation down current from the hydrocarbon seeps demonstrated that >99% of these gases are metabolized within 1.3 days following initial exposure. The oxidation of ethane outpaced oxidation of propane and butane with patterns indicating the microbial community responded to these gases by rapid adaptation or growth. Methane oxidation responded the slowest in plume waters. Estimates based on the observed metabolic rates and carbon mass balance suggest that ethane, propane, and butane-consuming microorganisms may transiently account for a majority of the total microbial community in these impacted waters.
Introduction
Thermogenic hydrocarbon gases generated in the deep subsurface are among the most abundant compounds in petroleum deposits. For example, ethane, propane, and butane together accounted for $9% of the mass discharged from the Macondo well during the Deep water Horizon event, the most abundant individual compounds after methane [Reddy et al., 2012] . The emission of hydrocarbon gases into the ocean and atmosphere can have significant environmental repercussions. Understanding the interplay between physical and microbiological controls is the motivation for this research.
Ethane, propane, and butane biogeochemistry is relatively unstudied compared to methane, which serves as an important benchmark for comparison. Methane is the most abundant of these gaseous hydrocarbons and the most potent as a greenhouse gas [Cicerone and Oremland, 1988; Etiope et al., 2008; Fung et al., 1991] . Current estimates suggest that 75-310 Tg of methane is released into the ocean each year, but only $10 Tg of that methane reaches the atmosphere [Reeburgh, 2007] . The majority of methane is consumed by marine microorganisms, which act as an effective biofilter [Reeburgh, 2007] .
Ethane, propane, and butane are also greenhouse gases [Collins et al., 2002] and precursors to atmospheric pollutants such as acetone, alkyl nitrates, and ozone [Jacob et al., 2002; Katzenstein et al., 2003; Singh et al., 1994] . Their emissions from the ocean are estimated as 0.54, 0.35, and 0.11 Tg/yr, respectively [Plass-Dulmer et al., 1995] . However, natural seep environments were not considered in these estimates and may provide an important contribution. For example, the Coal Oil Point seep field in the Santa Barbara Channel releases the ocean over 85 days [Reddy et al., 2012] . The event was noteworthy not only because of its scale, but also because the oil and gas were discharged to the ocean at a depth of 1500 m. At this depth, virtually all the ethane, propane, and butane dissolved into the water column. Ethane and propane (and probably butane) were consumed by bacteria within weeks after discharge , with propane alone accounting for up to $60% of total respiration in some samples. While the importance of ethane, propane, and butane during subsea discharge events is now recognized, there is still minimal understanding as to the factors responsible for a microbial response. Even after the Deepwater Horizon event, the continued occurrence of petroleum spills [Coast Guard, United States, 2013] and gas blowouts in particular (e.g., Elgin field blowout in the North Sea and the Hercules 265 blowout in the Gulf of Mexico) demonstrate that such events happen frequently enough to argue for an improved understanding of the oceanographic effects of ethane, propane, and butane discharge.
Microbial oxidation is a major control on the atmospheric release of oceanic methane, ethane, propane, and butane. Marine bacteria are known to oxidize these gases and are presumed to do so by first converting the hydrocarbon to its analogous alcohol and water, followed by conversion to carbon dioxide, biomass, and additional water [Arp, 1999; Ashraf et al., 1994; Hanson and Hanson, 1996; Perry, 1980] , as shown in equations (1)-(4). Previous studies have focused on the biochemistry of methane oxidation and the ecology of responsible bacteria [Hanson and Hanson, 1996; Reeburgh, 2007; Valentine, 2011] . Comparatively few studies have considered ethane, propane, and butane consumption, particularly in the marine realm. For example, the anaerobic oxidation of methane (AOM) has been studied since the late 1960s [Reeburgh, 1969] , whereas the anaerobic oxidation of ethane, propane, and butane has only recently been investigated [Adams et al., 2013; Mastalerz et al., 2009; Kniemeyer et al., 2007; Quistad and Valentine, 2011] .
Methane : CH 4 12O 2 ! CH 3 OH f g!CO 2 12H 2 O1 Biomass f g ;
Ethane : C 2 H 6 13:5O 2 ! C 2 H 5 OH f g! 2CO 2 13H 2 O1 Biomass f g ;
Propane : C 3 H 8 15O 2 ! C 3 H 7 OH f g! 3CO 2 14H 2 O1 Biomass f g ;
Butane : C 4 H 10 16:5O 2 ! C 4 H 9 OH f g! 4CO 2 15H 2 O1 Biomass f g :
One critical factor for predicting the impact of ethane, propane, and butane input to the ocean is understanding the response of the microbial community. This specifically pertains to the timeframe for adaptation of the microbial community to respire these gases. 13 C-labeled tracers have been used to measure propane oxidation rates in anoxic sediments of a hydrocarbon seep as well as ethane and propane oxidation rates after the Deep water Horizon oil spill [Quistad and Valentine, 2011; Valentine et al., 2010] . However, the 13 C-tracer method is relatively insensitive and its utility is limited to environments where the ambient gas concentrations are high and the conversion of 13 C is detectable above background levels of dissolved inorganic carbon. In most environments, a more sensitive tracer is required to effectively quantify oxidation rates.
Herein, we developed and applied a tritium-based tracer method for quantifying respiration rates for ethane, propane, and butane. Our methods were modeled after the tritiated methane method of Reeburgh et al. [1991] as modified by Valentine et al. [2001] . This study reports new experimental techniques and applications to natural samples with the goal of tracking microbial oxidation of ethane, propane, and butane dissolved into the ocean. These experiments are described in three phases: Phase 1, synthesis of tritiated hydrocarbon tracers; Phase 2, tests of the tracer's efficacy for quantifying hydrocarbon respiration rate in fresh seawater samples; Phase 3, tritium tracer application for tracking spatial and temporal patterns of hydrocarbon oxidation after exposure at a natural hydrocarbon seep. 83 Ci/mL in dry tetrahydrofuran). All reactions were performed in 5 mL serum bottles sealed with chlorobutyl rubber stoppers. The resulting gases were transferred to 12 mL serum bottles using 1/16 00 OD stainless steel tubing attached to two valves ( Figure 1 ). Concentrations were measured using a gas chromatograph coupled to a flame ionization detector and activity was determined with a Beckman LS6500 liquid scintillation counter, with associated errors of 6 nM and 0.2 nCi, respectively.
2.1.1. Representative Tritium Labeling Procedure: Ethane-1-t The general experimental procedure was adapted from a deuterium-labeling synthesis outlined in Olszowy and Kitching [1984] (equations (5)- (8)).
An ethylmagnesium bromide solution (100 lL, 0.2 mmol) was added to an oven dried, He-purged 5 mL serum bottle sealed with a butyl rubber stopper via a dried syringe. The solution was cooled to 0 C, and the tritiated water solution (68 lL, 0.08 mmol) was added dropwise. The reaction was allowed to warm to room temperature and was stirred overnight. The tritiated gas was then transferred to an evacuated bottle for storage. This was carried out using a dry custom-made Swagelok transfer line consisting of 1/16 00 OD stainless steel tubing equipped with two-way stainless steel valves on each end (Figure 1 ). The gas was passed through a ''solvent trap,'' which consisted of a portion of the transfer line being immersed in a dry ice/acetone cooling bath to trap any residual tetrahydrofuran.
General : R2MgX1HTO ! R2H or R2T;
Ethane : C 2 H 5 2MgBr1HTO ! C 2 H 5 T or C 2 H 6 ;
Propane : C 3 H 7 2MgCl1HTO ! C 3 H 7 T or C 3 H 8 ;
Butane : n2C 4 H 9 2MgBr1HTO ! C 4 H 9 T or C 4 H 10 :
2.2. Method Assessment (Phase 2) 2.2.1. Method Assessment Study Site Samples were collected from the R/V Atlantis in September 2011. Water for the method assessment study was collected during one cast of a 24 bottle Niskin rosette at station Plume 3 (Table 1 and Figure 2 ), 10.5 km down-current from Coal Oil Point. For reference, Coal Oil Point emits >10 10 g/yr of natural gas with a composition of 87.5% methane, 5.1% ethane, and 3.1% propane, along with trace amounts of heavier hydrocarbons [Clark et al., 2000; Mau et al., 2010] . Though these seeps are relatively shallow (ranging from 5 to 80 m) [Hornafius et al., 1999] , Clark et al. [2000] calculated that 3.6 3 10 6 , 2.1 3 10 5 , 1.2 3 10 5 , and 3.7 3 10 4 mol d 21 of methane, ethane, propane, and butane, respectively, are dissolved into the water. Of that, only 1% of methane and less than 1% of ethane and propane is transferred to the atmosphere in the immediate vicinity of the seeps [Mau et al., 2010 [Mau et al., , 2013 .
Solvent Trap Evacuated Bottle
He Flushed Figure 1 . Schematic for synthesis of tritium-labeled hydrocarbon gases. The synthesis occurred in the He-flushed reaction bottle, and any gas produced was transferred to an evacuated collection bottle. The solvent trap (dry ice and acetone) was used to remove any residual organic solvent or water from the synthesized gas.
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Tritium Tracer Method
The method for ethane, propane, and butane oxidation rate measurements was adapted from previously published procedures for methane [Reeburgh et al., 1991; Valentine et al., 2001] . The five general steps are as follows: (1) collect seawater samples in 160 mL serum bottles, seal with a chlorobutyl stopper and metal crimp cap, take replicates for ambient concentration measurement, (2) add tritiated gas to samples via gas-tight syringe and incubate, (3) add mercuric chloride (0.5 mL of a saturated water solution) to halt further consumption of the tracer and sparge with a nonradioactive gas, such as air, to remove any unreacted tracer (4) measure activity in the sample (amount of tracer consumed) using a liquid scintillation counter (LSC), (5) calculate rate of microbial consumption using equations (9)-(13). For kill controls, Step 3 is done prior to Step 2.
Methane oxidation rates were also measured during the method assessment as a comparison, using the same five steps outlined. Samples were injected with 10 lCi of methane tracer (100 mL of 0.1 Ci/L tritiated methane stock) and incubated for 24 h near in situ temperature.
Ambient Hydrocarbon Concentration Analysis
Ambient concentrations of dissolved methane, ethane, propane, and butane were determined using established techniques [Heintz et al., 2012; Mau et al., 2010; Valentine et al., 2001] . Seawater samples were transferred to 160 mL serum bottles, and dissolved gas from the sample bottle was exsolved by replacing 10 mL of seawater with 10 mL of ultrapure N 2 gas. To inhibit microbial activity, mercuric chloride was added to all samples intended for concentration analysis. Samples were shaken vigorously and allowed to equilibrate for a minimum of 12 h. Headspace concentrations were measured with a gas chromatograph coupled to a flame ionization detector (GC-FID; Shimadzu Corp. 14A) and run isothermally (60 C) using N 2 as the carrier gas through a 12 0 3 1/8 00 packed column (n-octane on Res-Sil C). Analytical error from GC-FID measurements, based on previous application of this method, was 65%.
Calculating Oxidation Rates
The fraction of hydrocarbon tracer converted to aqueous-phase product (f ox ) is calculated directly from the ratio of tracer consumed (activity of tritium in the aqueous phase, A aq ) to amount of tracer injected (total activity of tritium tracer injected, A i ), after accounting for abiotic contributions as quantified by kill controls (activity of tritium from abiotic sources, A x ).
Because A x is typically very small compared to A i , f ox can be simplified as:
By accounting for the incubation time (t i ), the fractional turnover rate of tritium-labeled tracer (k 0 ) can be calculated as:
Assuming the tracer behaves identically to the unlabeled substrate (i.e., complete mixing and no isotope effects), the average rate of substrate consumption in the sample (R b ) can be calculated from the molar concentrations of labeled substrate (concentration of tritium-labeled substrate added to the sample, S T ) and the initial substrate (concentration of substrate present in the sample at the time the tracer was injected, S e ):
For the sake of clarity, this study reports primarily the fractional turnover rate (k 0 ) as a metric of substrate consumption.
Under select conditions these equations can be expanded to calculate the in-situ oxidation rate of substrate (i.e., the rate at which substrate in the sample would be consumed if not removed from its natural environment, R e ), as is typically done for the calculation of methane oxidation rate [Valentine et al., 2001] . Necessary conditions include: (1) oxidation rate is linearly dependent on the substrate concentration (first-order kinetic behavior), (2) the microbial community is neither in growth nor decline with respect to the substrate being studied, (3) the microbial community is not primed by the addition of exogenous substrate, and (4) the conditions of sampling and incubation do not affect the capacity of the microbial community to consume substrate. Thus the rate of substrate consumption may be expressed in a first-order form:
Note that results of this study deviate from the form of equation (13), and the significance of these deviations are considered in section 4.1. Replicate samples measured on the LSC had an average error of 60.2 nCi.
Comparison With Established 13 C Method
To compare sensitivity between 3 H and 13 C-tracer methods, oxidation rate experiments using both tracers were run in parallel for ethane and propane. Rate measurements with 13 C were performed using a similar approach to those reported by Valentine et al. [2010] . A small volume (5-100 lL) of 99% 13 C-labeled ethane or propane tracer was injected into each sample. Water samples were also collected for kill controls and background dissolved inorganic carbon (DIC) measurements. The 13 C of DIC in seawater was determined using the Finnigan Delta XP Isotope Ratio Mass Spectrometer (IRMS) coupled with the Finnigan Gas Bench. Oxidation rates are calculated using the same rate equation as the tritium approach (equation (13)); however, the fractional turnover rate is calculated using equations (14) and (15). These equations account for background 13 C found in seawater and the molar quantity of CO 2 produced from each tracer. dissolved plume was the greatest challenge associated with sample collection. Since the samples were collected as the currents flowed westward, north-south transects were conducted in an attempt to intersect the core of the plume. The plume's core was identified by collecting water at depths from 35 to 55 m at each station along the N-S transect and analyzing the samples for hydrocarbon content shipboard using a GC-FID. Seawater samples for subsequent analysis were collected only at the station and depth where the maximum hydrocarbon signal was observed for each N-S transect. The N-S transects were spaced $1.5 km apart and samples from the plume's core were analyzed for dissolved hydrocarbon concentration and ethane, propane, and butane oxidation rates.
Oxidation Rates in the Plume
Oxidation rates were determined using the five steps described in section 2.2.2. The experimental conditions were determined based on the results from the method assessment experiments as follows: for ethane, samples were incubated with 2 lCi (140 nM) for 12 h near in situ temperature; for propane, samples were incubated with 1 lCi (50 nM) for 24 h near in situ temperature; for butane, samples were incubated with 2 lCi (35 nM) for 24 h near in situ temperature (Table 3) . Each replicate was injected with 100 mL of diluted tracer (a mixture of tritiated stock and N 2 gas), allowing for consistent and reproducible injections across replicate bottles. Ethane, propane, and butane diluted stock concentrations were 0.02, 0.01, and 0.02 Ci/L, respectively.
Results
Tracer Synthesis and Chemical Stability (Phase 1)
Tritiated ethane, propane, and butane were successfully synthesized using tritiated water and ethylmagnesium bromide, propylmagnesium chloride, and butylmagnesium bromide. Percent yields of tritiated gas were calculated with reference to tritiated water substrate and specific activity of synthesis gas was quantified in Ci/L and converted to mCi/mmol of hydrocarbon (Table 3) .
Following synthesis, the tracers were stored individually over an aqueous brine solution, which led to an increase of radioactivity in the aqueous solution over time, presumably because of hydrogen exchange between each hydrocarbon and water [Bottinga, 1969; Horibe and Craig, 1995] . Isotope exchange also occurs with storage of tritium-labeled methane and is likely catalyzed by radicals formed following the autoradiolytic cleavage of C-T bonds. The gradual loss of tracer activity to the aqueous phase during storage combined with tritium's half-life of 12.3 years limits the useful lifetime of any batch of tracer to a period of <10 years. To correct for the influence of abiotic exchange during use of the tracer, kill controls are needed to empirically determine the amount of tritium incorporated into the seawater in the absence of microbial consumption. Tracer activity was assessed regularly by methods described above to ensure that the injected tracer quantity was correct. A bias in tracer concentration will propagate through equation (13) and yield an incorrect rate. Transfer and purification of the tracer stock is also recommended when the stock has gone unused for a period of several months.
Method Assessment (Phase 2)
The tritiated tracer oxidation rate method was tested with water collected at a single station in September 2011 (Table 1) . Each hydrocarbon tracer was evaluated for microbial response by varying: (1) the quantity of tritium-labeled substrate in the sample (i.e., activity), (2) the length of time for which each individual sample was incubated (i.e., incubation time), and (3) the temperature at which the sample was incubated (i.e., temperature). This , for the same incubation conditions. For reference, samples subjected to an incubation period of 24 h have a maximum measurable fractional turnover rate of 1 day
21
; for samples subject to an incubation period of 12 h, the maximum measurable fractional turnover rate is 2 day 21 (i.e., complete substrate consumption after the incubation period).
Kill Controls
Control experiments were conducted by treating a subset of samples with saturated mercuric chloride to halt biological activity. Comparing killed to nonkilled samples, only a small amount of product is generated by abiotic reactions (Figure 6 ). Any activity found in the kill controls can thus be subtracted out as baseline and attributed to abiotic tritium exchange.
Activity
For ethane, the fractional turnover rate increased with increasing activity of tracer, most notably between the 1 and 2 lCi treatments. A discrepancy between duplicate samples treated with 4 lCi of tracer does not allow differentiation between two possible trends ( Figure 3a) : a continued linear increase in the fractional turnover rate with added tracer or a plateau in the turnover rate above 2 lCi. A linear increase is consistent with bacterial adaptation or growth, whereas a plateau is consistent with first-order kinetic behavior. Based on these results, samples were incubated with 2 lCi of ethane for subsequent application of the method (Table 4) . Two microcurie was chosen to provide both a consistent response and a measureable level of tritium in the metabolic products.
Propane and butane fractional turnover rates increased linearly when tracer was varied from 1 to 2 and 1 to 4 lCi, respectively, with the exception of duplicates at 2 lCi for butane (Figures 3b and 3c ). This linear behavior is reflective of an adaptive response, suggesting that increasing levels of tracer affected the metabolic capacity of the community. Fractional turnover rate reached a maximum of 0.35 day 21 for propane and 0.05 day 21 for butane, except for butane's duplicate outlier that exceeded 0.1 day 21 .
Divergence in the fractional turnover rate occurred at tracer additions !2 lCi. The molar quantity of tracer needed to achieve these activities was twelvefold greater than the ambient concentration, and the variability may represent inherent differences in growth or adaptive response. Based on these results, we opted to incubate samples with 1 lCi of propane or 2 lCi of butane for subsequent applications of these methods (Table 4) . These quantities of tracer were chosen to provide measureable levels of tritium in the metabolic products.
A comparison of fractional turnover rate versus concentration for each hydrocarbon (Figure 3d ) indicates an exponential relationship between the concentration and fractional turnover rate for each substrate, which is consistent with an adaptive response by the microbial community. These results further indicate that the microbial communities responded to the addition of ethane, propane, and butane, even at concentrations less than 50, 270, and 20 nM, respectively (Figure 3d ).
Incubation Time
The fractional turnover rate for ethane increased exponentially over the course of 24 h (Figure 4a ), presumably reflecting adaptation by the microbial population. After incubation for 24 h, the fractional turnover rate for ethane reached a value of 0.85 day 21 , approaching the empirical limit for this method. This exponential trend can be attributed to either of two distinct environmental factors: (1) an artificial response due to the added tracer or (2) population growth due to the naturally high ethane concentration introduced at the Coal Oil Point seeps. We favor a combination of these explanations wherein the microbial community began growing exponentially following exposure at Coal Oil Point and the addition of tracer prolonged this exponential phase. Based on the rapid adaptation for ethane, we opted to incubate samples for a period of 12 h for subsequent applications of this method (Table 4 ). This period of time was viewed as being sufficient to generate measureable levels of tritium in the metabolic products, but not so long as to stimulate complete consumption.
The time-course change in fractional turnover rates for propane and butane were distinctive compared to ethane. Both displayed decreases between 6 and 12 h of incubation, which is opposite the trend observed for ethane. Following 12 h of incubation, the fractional turnover rate for propane remained relatively constant or decreased slightly through the termination of the experiment at 48 h (Figure 4b ). Butane's fractional turnover rate gradually increased during the time interval from 12 to 48 h (Figure 4c ). Based on these results for propane and butane, we opted to incubate samples for a period of 24 h for subsequent applications of this method (Table 4 ).
The cause of the divergent trends for ethane versus propane and butane is not immediately apparent. Figure 4d highlights the coincidence in timing between the depletion of ethane and the increase in rate of consumption for propane and butane. While speculative, this timing is consistent with cometabolism of propane and butane by ethane-consuming bacteria. 
Temperature
The impact of temperature on the fractional turnover rates for ethane, propane, and butane was assessed by incubating samples at 0, 4, 11, and 20 C, bracketing the ambient temperature of 11.5 C. The fractional turnover rate was found to increase with temperature in this range, for all treatments ( Figure 5 ). The observed trends are typical for a marine microbial community and likely reflect a metabolic response to temperature.
13 C Tracer and Substrate Concentration
A comparison of oxidation rates measured using the tritium method and 13 C-labeled ethane and propane revealed concentration dependence (Figures 7 and 8) . A direct comparison between the two methods was hampered by this effect as the detection limit for 13 C in metabolic products required substrate concentrations from 3.3 to 30 lM, far above the ambient levels. The observed maximum oxidation rate occurred at tracer concentrations of 2.9-7.1 lM for both ethane and propane. Surprisingly, the oxidation rate decreased with increasing concentration beyond these maxima. This might suggest some form of inhibition at elevated substrate concentration. Alternatively, the two methods measure different metabolic products. The 3 H method measures all 3 H remaining in the sample, including the final product ( 3 H 2 O) and all soluble 3 Hintermediates. The 3 H method, in effect, measures the rate of hydrocarbon loss in a sample, rather than the rate of product formation, whereas the 13 C method quantifies only the final carbon species of the oxidation pathway (CO 2 ). Results from the 13 C tracer application are consistent with a rate of incomplete metabolism or biomass accumulation that increases with substrate concentration in this range.
Tracking the Hydrocarbon Plume From Coal Oil Point (Phase 3)
The oxidation of ethane, propane, and butane was studied in the Santa Barbara Channel, within the down current plume of a hydrocarbon seep, in order to assess the in situ response of the marine microbial community to the input of these gases. This setting also provided context to the method assessment described above, during which all water had been collected at one location in this plume (station Plume 3). Monitoring currents with HF radar enabled tracking of hydrocarbon-laden waters from the seep field to a distance of 33 km down current, at which point plume features were lost (Figure 2 and (Table 1) .
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V C 2015. American Geophysical Union. All Rights Reserved. Table 2 ). Methane was used to track the plume as its oxidation occurred slowly relative to the transit time of the water and no major seeps are known along the plume's path. Turnover time for methane was $3 years compared to 3 days for the water to travel 33 km. Thus, methane was treated as a conservative tracer for hydrocarbon exposure.
Currents exhibited a counterclockwise rotation on all sampling days in the study area, common for the Santa Barbara Channel (Figure 2 ) [Harms and Winant, 1998 ]. As a result of this cyclonic motion, the dissolved hydrocarbon plume located on the north side of the basin traveled westward. The travel time between Coal Oil Point and stations within the dissolved plume were calculated by dividing the distance traveled by the current velocity. Current velocities taken during sampling intervals averaged 11.8 km/d (0.14 6 0.05 m/s), which is consistent with previous studies [Beckenbach, 2004] . The travel time of water from the Coal Oil Point seep field to each station is expressed here in terms of time since exposure (TSE) using the average current velocity, as this term provides a clear metric for comparison to microbial adaptation. Note however that stations were sampled on different days and the results are not a true time series.
Hydrocarbon Gas Concentrations Within the Plume
The highest concentrations of ethane, propane, and butane (1750, 570, and 400 nM, respectively) were measured in samples collected at Coal Oil Point (station Plume 2). Concentrations generally decreased as the plume traveled with the current. Ethane, propane, and butane were no longer detectable (<1.5 nM) 1.5 days following exposure. Mixing within the plume samples was determined based on methane concentrations. Methane was considered to be a conservative tracer, oxidation rates observed were very low (turnover time of $3 years), and the plume was located below the mixed layer depth [Mau et al., 2007] . Methane concentrations were variable within the plume (Table 2) . In some cases, samples collected down current were more concentrated in methane than samples collected further up current. This behavior is expected for spot sampling of a dynamic feature and likely indicates the complexity in current flow and mixing. By treating methane as a conservative tracer, we were able to track the relative declines in ethane, propane, and butane (Figures 9c, 10c, and 11c ), which we attribute to oxidation by bacteria in the plume. These results indicate that >99% of the ethane, propane, and butane were consumed within 1.3 days of exposure.
Fractional Turnover Rate Within the Plume
The impact of exposure on the fractional turnover rate was similar for each of the three gases tested (Figures 9a, 10a, and 11a) . Low rates at the time of initial exposure gave way to higher rates down current, and then decreased back to low rates following substrate depletion. Ethane consumption occurred more rapidly than propane and butane consumption, reaching a maximum in samples collected 1.25 days following exposure, with a fractional turnover rate !2 day 21 . That is, 30 h following initial exposure, the microbial community was able to consume the entirety of added ethane tracer within a period of 12 h. Rates decreased down current in the absence of elevated ethane concentration until negligible tracer was removed from samples collected 2.75 days following initial exposure. This form of decay in the time course of activity may reflect both physical dilution of the microbial population and the response of the microbial community to ethane deprivation. Similarly, propane and butane consumption rates reached their maximums in samples collected 1.8 days following exposure and then decreased down current. The maximum 
Discussion
Oxidation Rates and Kinetic Order
Conversion of radioisotope tracers as substrate to product is commonly used to estimate the rate of metabolism for a given set of conditions. The method described in this work is similar to that used for quantifying methane oxidation rates [Mau et al., 2013; Valentine et al., 2001; Ward et al., 1987] , wherein the transfer of tritium from methane to the aqueous phase is quantified following the incubation of a representative sample of seawater at conditions that approximate those experienced in situ by the microbial community. In the case of methane oxidation rate measurements, the low concentration of added methane (on the order of 10 nM) does not typically elicit a response in the microbial community [Pack et al., 2011; Ward et al., 1987] and is thus assumed to reflect the in situ rate of consumption. The results presented here demonstrate that microbial communities adapt more rapidly to the input of ethane, propane, or butane and require different treatments of the resulting data.
Results from the method assessment demonstrate that the quantity of tracer injected and the duration of the incubation impact the fractional turnover rate calculated from the incubations. These results violate the assumptions outlined in section 2.2.4 and illustrate several important differences between methane oxidation versus that of ethane, propane, and butane. First, the microbial community displays a clear adaptive response to the input of substrate wherein the addition of substrate primes metabolic rate (Figure 3) . Second, ethane consumption by the microbial community displays an exponential rise during 24 h incubations (Figure 4a ). This trend indicates rapid adaptation, though the data does not distinguish between the input of ethane at the seep versus the added tracer. Third, inconsistency in the trends observed for propane and butane ( Figures 3 and 4 ) may relate to the fate of ethane introduced naturally from the seeps. Adaptation to ethane occurred rapidly compared to propane and butane. A substrate specificity that encompasses ethane, propane, and butane might explain the variability in the time course of propane and butane oxidation (Figures 4b and 4c) . Given indications of an adaptive bacterial response to substrate input, we have not interpreted the results using a purely kinetic model. However, the results presented in Figures 7a and 8a indicate that the Michaelis-Menten model may aptly describe the rate's substrate response, for select experimental conditions. Interestingly, such an analysis indicates a first-order response to ethane and propane, but a zero-order response to butane.
Results from plume tracking studies are consistent with those from the method assessment. The microbial community adapted to consume ethane, propane, and butane within $1 day following exposure. This time scale frames the method assessment in a way that was not intended, in that samples used to assess the method were exposed to hydrocarbons on a similar time frame, indicating they may have been actively adapting to the hydrocarbon input at the time of sampling. Nonetheless, both the method assessment and the plume tracking studies reveal the same important trend: microbial adaptation to the input of ethane, propane, and butane occurs rapidly in this environment.
The rapid adaptive response of microbes to the input of ethane, propane, and butane limits the utility of kinetic expressions to describe the in situ rate of metabolism. Rates of hydrocarbon oxidation measured using isotope tracers are typically expressed as an in situ rate, a potential rate, or with a model such as Michaelis-Menten. The in situ rates are calculated as described in equation (13) and typically assume adherence to first-order kinetic behavior. Potential rates are calculated from conditions of elevated substrate concentration, at the point that the rate transitions to become zero order [Reeburgh, 1983; Valentine et al., 2010] . However, none of these kinetic behaviors accurately reflect an actively adapting or growing microbial community, which is expected to display an exponential increase in the rate of metabolism as the population of consumers increases.
Based on the results, we find the utility of oxidation rate measurements for ethane, propane, and butane to be restricted compared to those for methane. In the case of methane, such measurements are typically indicative of the microbes' in situ metabolic rate and are thus useful for calculating methane budgets under steady state conditions. For ethane, propane, and butane, such measurements are more indicative of the microbial communities' capacity to respond to the input of substrates into the environment. This distinction is rooted in the fundamentally more rapid response of ethane, propane, and butane degraders to the input of substrate when compared to methane degraders. Fractional turnover rates calculated from these tracer experiments provide a conservative representation of the in situ microbial condition, based on the expectations of kinetic models such as Michaelis-Menten. Further, given that the threshold concentration for consumption of methane is higher by a factor of 10 or more compared to ethane, propane, and butane, a more sensitive tracer method would be needed to calculate in situ rates for ethane, propane, and butane consumption at steady state conditions. The use of a higher-activity tritium label or a low-level 14 C tracer coupled with accelerator mass spectrometry represent two potential approaches to limit the amount of additional substrate needed to calculate a rate measurement [Pack et al., 2011] .
Fate of Hydrocarbons in the Coal Oil Point Plume
Ethane, propane, and butane are oxidized more rapidly than methane; thus, the concentration of methane within the plume decreases more slowly than that of the other gases. By comparing the ratio of ethane/methane, propane/methane, and butane/methane, a shift toward methane is indicative of preferential microbial consumption [Kinnaman et al., 2007; Valentine et al., 2010] . Methane becomes more dominant as the plume travels down current, consistent with previous geochemical observations in the Santa Barbara Channel [Clark et al., 2000; Mau et al., 2007] (Figures 9c, 10c , and 11c). This trend is well supported by the rapid consumption rates observed within the plume (Figures 9d, 10d , and 11d).
Microbial response to the hydrocarbon plume emanating from Coal Oil Point shows the community's increased activity due to elevated substrate followed by a decrease due to substrate limitation. While substrates were still present within the plume, microbial consumption rates increased as hydrocarbon concentration decreased. As the plume aged and hydrocarbon concentrations fell below detection, fractional turnover rates began to drop. The longer the plume sustained hydrocarbon starvation, the lower the fractional turnover rates became. Even though all three gases had similar trends and reached their maximum consumption rate at 1.25 days, each gas maintained its maximum rate for a different duration ($1.25 days travel time for ethane, $1.8 days for propane, $2.5 days for butane; Figures 9-11). Ethane was consumed more quickly than propane or butane, which contrasts deep ocean samples and laboratory incubations that observed more rapid propane consumption compared to ethane [Kinnaman et al., 2007; Redmond et al., 2010] .
Microbial Adaptation to Hydrocarbons
Data presented in the method assessment showed that ethane had a fractional turnover rate which increased exponentially over a 24 h period. This suggests that microbial growth was occurring over the course of the incubation (Figure 4a ). This could be an artificial response to the added tracer or a population growth response to the naturally high hydrocarbon levels introduced at the Coal Oil Point seep. Samples for the method assessment experiment were collected 13 km from the plume's origin. Fractional turnover rates in the plume's water show that rates progressively increase as the water moves down current until reaching $15.5 km (Figure 9a ). Samples for the method assessment were collected up current from the observed maximum, and assuming similar current velocities and water mixing at the different times, we predict that microbial growth was likely due to the environmental response to the natural seep and not exclusively to the addition of tracer.
Hydrocarbon-consuming organisms typically make up a small fraction of the total open ocean bacterial community; however, when substrates are available, they can grow to dominate the community [Harayama et al., 1999; Margesin and Schinner, 1999; Redmond and Valentine, 2012] . Only two studies have identified aerobic oxidizers of ethane and propane in marine environments [Redmond et al., 2010; Redmond and Valentine, 2012] . In laboratory incubations with sediment collected near a natural thermogenic seep, Redmond et al. [2010] observed that ethane was primarily consumed by a group of organisms from the family Methylococcaceae, closely related to, but distinct from, the methane oxidizing Methylococcaceae observed in the same samples. Propane was primarily consumed by members of an unclassified Gammaproteobacterial group and was consumed more slowly than methane or ethane. In contrast, propane was oxidized more rapidly than ethane in hydrocarbon plumes formed during the 2010 Gulf of Mexico oil spill . Both ethane and propane were initially consumed more rapidly than methane, though methane oxidation rates eventually increased enough that nearly all of the methane was consumed by bacteria [Kessler et al., 2011; Du and Kessler, 2012] . Methylococcaceae were the dominant methane oxidizers, while ethane and propane oxidation was driven predominately by Colwellia [Redmond and Valentine, 2012] .
Hydrocarbon oxidation in the Coal Oil Point water column is similar to the oil spill scenario in that ethane and propane oxidation increased more rapidly than methane oxidation following exposure. The present Coal Oil Point study differs in that ethane was oxidized more rapidly than propane. This may have been due
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to more rapid growth by ethane oxidizers or to substrate preferences in bacteria that could oxidize ethane, propane, and butane. The much lower rates of methane oxidation suggest that this process was performed by other, slow-growing bacteria.
Since little is known about bacterial populations that consume ethane, propane, and butane in natural marine systems, we estimated the potential bacterial production from consumption of these hydrocarbons within the Coal Oil Point plume. Estimates of bacterial growth efficiencies are based on the reported range of 5%-65% for aerobic methanotrophs since equivalent data are sparse for consumers of ethane, propane, and butane [Griffiths et al., 1982; Ward et al., 1987] . Production estimates for the six stations with rates above background are shown in Figure 12a Our estimates indicate that microbial production from hydrocarbon oxidation in the plume is equivalent to $1% to $213% of background microbial production. Similarly, the total bacterial biomass produced within the plume was calculated using a moving average approach for both the low and high-end net bacterial production estimates (Figure 12b) . A carbon conversion factor of 15 fg C cell 21 was used [Halewood et al., 2012] . Assuming no loss of cells as the plume travels down current, biomass accumulation within the plume ranges from 5.8 3 10 7 to 7.6 3 10 8 cell L 21 , indicating that a rapid bloom of hydrocarbon-degrading bacteria could account for up to $68% of the microbial community in the affected waters, at least transiently.
Conclusion
Development of methods to quantify bacterial consumption of ethane, propane, and butane revealed a rapid and dynamic microbial response to hydrocarbon exposure, down current from a natural gas seep. The complete consumption of ethane, propane, and butane within 3 days of exposure is far more rapid than would be predicted based on methane's behavior and highlights the important distinction between the biogeochemistry of methane and other hydrocarbon gases. Significant gaps remain in our understanding of the environment's response to an irruption of natural gas that include the identities, physiologies, and distributions of major consumers; however, this work confirms our previous observation as to the Ocean's potential for a rapid microbial response. Estimates of microbial growth within the plume are calculated for (a) net bacterial production and (b) cumulative bacterial biomass from ethane, propane, and butane oxidizers. Growth efficiencies of 5% and 65% were used for the low-end and high-end estimates.
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